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PREFACE

Natural ventilation of a building is frequently preferred to mechanical ventilation

for several reasons, among which are reduced cost, absence of noise producing

equipment, and ease of maintenance. However, modern buildings are usually

equipped for mechanical distribution of conditioned air for reasons which are obvious

and outside the scope of this study. During an emeigency, the ventilation of a

shelter space inside a building poses problems which are different from those en-

countered in normal, day-to-day occupancy, ard these problems may best be

solved with the use of natural ventilation alone. Such a situation would exist in

the event of electrical power failure.

When a space is occupied by people, heat is produced which, in turn, will stimu-

late a certain amount of natural circulation if circulation paths are available.

Vertical stocks in buildings, such as stair towers and elevator shafts, together with

appropriately situated open doors will constitute a proper air circulation path. Air

infiltrating from the exterior can insure satisfactory quality of inside air and, under

certain conditions, prevent effective temperotures from rising too high in occupied

spaces.

In this study the natural ventilation of eight-story dormitory type buildings without

benefit of electrical power is investigated.
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ABSTRACT

Two identical eight-story dormitory buildings on the cwapus of The Pennsylvania

State University were used for investiot;g natural ventilation effects. Equipment

for measuring air change rates, consisting of an electronegative gas detector, a

system of plastic pipe, a collection and valve control device, and necessary record-

ing instruments, was used to gather data. Results ae reported on ventilation of a

closed, unoccupied building, and on ventilation of shelters in the basement and on

the ffth floor with simulated occupants. A portable ventilation fan and opening of

selected exterior doors were used in several tests to determine the possibility of in-

creasing ventilation rates. Generally, ventilation of shelter spac"s was lower than

expected and below that which would be needed in hot, humid weather when such

spaces were occupied to the normal density limit. Neither changing exterior tem-

perature nor moderate winds had significant affects on ventilation rates of the

closed buildings under conditions encountered during the testing period.
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SECTION 1.0 INTROUCMTION

1.1 NATURAL VENTILATION

This study involves the natural ventilation of buildings. Natural ventilation can be

defined as the movement of air in and out of the building through crocks and open-

ings such as windows, doors, and ventilators, with independence of any mechanical

device. As used here, however, it is possible to enhance natural ventilation through

expedient methods such as portable fans, opening doors and windows at strategic

!ocations, or by providing heat sources on or near the bae of natural draft stacks.

1.2 IMPORTANCE TO THE SHELTER PROGRAM

Many buildings today have mechanical ventilation dependent on electrical power.

Emergencies may arise during which the fans and other equipment contributing to-

ward ventilation are rendered inoperative. With power still available, filters would

be required in those buildings where considerable rmechcmical ventilation is used to

provide an adequate quantity of outdoor air. With mechanical equipment available

and operative for the ventilation of buildings, changes such . rewiring, reswitch-

ing, and re!ocation of equipment might be necessary to provide *ventilation for desig-

nated emergency shelter spaces within the building.

For the aox.v reasons, it is desirable to have a building which ;s not completely

dependent on the presence of mechanical devices for the emergency occupancy of

people in designated shelter spaces. Unquestionably, if shelter spaces are usable

without mechanical ventilation, many more such spaces will be available. An
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investigation of the practicability of natural ventilation is, therfr, of real and

immediate importance to the national shelter program.

1.3 BACKGROUND OF THE PROJECT

A research project concerning the measurement o; natural draft was concluded and

reported on in December, 1963 by the College of Engineering of The Pennsylvania

State University. I One of the prime objectives of that project was to evaluate the

amount of natural ventilation one can expect in a building with occupied shelter

space in the basement or underground. It was recommended at that time that a

follow-up study be mode with occupied shelter space in an upper story of a multi-

story building. This led to the award of a contract, the results of which are re-

ported herein.

As stated in the earlier project report, there is available today a wealth of perti-

nent information concerning the effects of overcrowding2 and the tolerance ranges

of human beings for various conditions of the atmosphere. 3, 4 , 5 There is also avail-

able much usable information on methods to control ambient temperatures, humidity,

air movement, and gaseous content, with regard to both so-called comfott zones

and situations cutside of such zones for emergency measures. 6

In contrast to the situation which exists in submarines, space vehicles, and hostile

environments in general, it is not economically feasible to provide all of the

1. Superscript numbers refer to items in the References at the end of this
report.
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sophisticated equipment needed in buildings to insure a condition of oven minimal

comfort during on emergency.

This project, then, is directed toward an investigation of the effoctivenes of natu-

ral ventilation, without assistance Fmm equipment and with only minor changes in

existing building configuration.

1 .4 SCOPE OF THE PROJECT

The scope of this project was four-fold as follows:

(1) Reliable measurement of natural ventilation. The objective of this

part was to devise and to verify impoved techniques for measuring

rates of ventilation in spaces when the flow pattern of entering and

leaving air is not sufficiently well-defined for direct measurement

by conventional procedures. Tracer gas methods using both sustained

concentrations and rates of decay were considered. An electro-

negative gas detector was evaluated and practicable limitations

were determined.

(2) Replacement of air in buildings by infiltration. The objectives of

this part were to study the mechanism of infiltration to determine

parameters that affect air distribution and the rate of replacement

of the air reservior in a building, to relate infiltration effects to

restriction of occupancy in shelter spaces, and to evaluate proce-

dures for promoting air replacement. The studies were supported

5



by experiments in a selected building having suitable above-

ground and basement shelter spaces.

(3) Natural ventilation effects in above-ground shelters. The

objectives of this part were to determine the feasibility and

limitations of natural ventilation in above-ground shelters on

intermediate floors of multi-story buildings, to compare the

efficacy of natural ventilation eff cts in above-ground and

basement spaces, to evaluate significant parameters, and to

explore procedures for increasing rates of natural ventilation

or improving distribution. The work was to include appropriate

experiments in selected buildings with heat and moisture sources

in shelter :paces to represent occupancy effects.

(4) Simple procedures for improving ventilation in fallout shelters.

The objectives of this part were to devise expedient procedures

for use of portable packaged ventilating units, to determine re-

quirements for proper installation and air distribution, and to

identify appropriate modifications of the packaged unit for

optimum cost effectiveness.

1.5 GENERAL WEATHER CONDITIONS

The weather was, in general, unseasonably mild during the period of actual testing,

from July 24 through August 5, 1965. It was hoped that some local extremes would

exist so that limits of occupancy could be established, but such was not the case.

6



Outdoor dry bulb temperature varied between 59 and 87 F, wet bulb temperatures

betwoenO 50 and 79 F, and relative humidity between 3S and 100 per cent. From

the U. S. Department of Commerce Weather Data, 7 average daily high for the

period was 79.8 F and average daily low was 58 F. At no time was the combination

of temperature and water vapor even close to the extremes encountered in this area

during the summer months. Weather report records for Bellefontea ten miles from

State College, placed the extremes during the test period at the 86 per cent design

level, which means that for 477 hours during the June to September period, outdoor

conditions could be expected to exceed the avrage high temperature during the

tests. This computation is based on a 12 hour day (from 10:00 a.m. to 10:00 p.m.).

If data are based on an 8 hour day (from 10:00 a.m. to 6:00 p.m.), the figures

would be 89 per cent and 432 hours respectively.

Wind direction varied, but in general conformed to prevailing wind conditions,

from west to northwest. Wind velocities were quite low i varying between 0 and 17

miles per hour.

The results obtained from actual testi .g are of only limited practical application

since they do not reflect the exterme conditions w ch would be imposed by severe

weather.

1 .6 SCHEDULING OF TESTS AND EXPERIMENTS

In order to carry out those objectives requiring building tests, it was necessary to

have the use of one or more suitable buildings during a period when they were

7



vacant and a period in which there was a reasonable chance of encountering weath-

er conditions which would impose a critical demand on ventilation by natural means.

These conditions limited the period to the sumer months on both counts, and pin-

pointed the period to a span of about 6 weeks of freedom from occupancy of any

kind.

A further time restriction was imposed on the situation by a desire to have the use

of two identical buildings so that one could serve as a control for evaluating the

precise effect of external conditions while a shelter space was occupied in the test

building. The closest approach possible to this requirement was the availability of

two buildings practically identica; in every respect except that one building was

oriented 90 degrees from the other.

Although the two buildings were equipped and used by project personnel for about

6 weeks, actual recorded tests covered only a two-week period. The remaining

time was devoted to the development of procedures and correction of mechanical

trouble.

1.7 GENERAL PROCEDURES

In light of the objectives of this project a general plan for testing was developed.

This included an effort to determine the tightness of the buildings in order to assess

the infiltration characteristics of the actual construction. Reduced pressure within

the building was used to determine tightness. Natural ventilation of selected shel-

ter spaces was studied by the measurement of the decay rate of a gas injected into

8



the spaces, the exact process being described in later sections of this report.

Generally, the flow of air within the test buildings followed a pattern illustrated

schematically in Figure 1, which alo explains the meaning of certain air-flow

terms jsed throughout this report. Actually, infiltrating and exfiltrating air takes

place throughout the building skin rather than in concentrated points as shown in

the schematic diagram.

EXFILTRATING AIR

I m  V
CIRCULATING AIR

OUTLET 
INLET

,AIR AIR INFILTRATING AIR

EST SPACES)

OUTLET

AIR AIR"
IL

Figure 1. SCHEMATIC DIAGRAM OF AIR FLOW CIRCUIT
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Basically, the prows consists of moving a man of air tirough one or mr. desig-

noted spaces without benefit of mechanical equipment. Occupants in the test

spaces generate heat which in turn creates a circulation for ventilation of tho

spaces. Paths of air flow from test spaces to the air reservoir of the remaining

volume of the building were provided to permit the heat and water vapor to be

dissipated to the rest of the building or to the outside. Air from the larger volume

of the building could then circulate through the test spaces. This is essentially

a closed circuit which could exist only in a completely sealed building, but it is

recognized that rormal infiltration to the building occurs through cracks, and even

to a minor extent through the wall and roof construction.

Selected test spaces were equipped to simulate occupants and to provide the correct

proportion of sensible and latent heat according to space condition'. Assuming a

total heat load of 400 Btu's per hour per person within thr shelter spaces, this load

is divided into sensible and latent losses according to dry bulb temperature by ref-

erence to Table I. Figures in this table were derived from several sources and were

presented in a recent OCD publication.3 Simulated occupancy equipment auto-

matically maintained the correct proportions during the progress of a test. If other

than fully automatic equipment were used, Table 1 could be a guide for providing

correct amounts of sensible heat and moisture to be evaporated.

10



TABLE 1

RELATIONSHIP BETWEEN AIR TEMPERATURE, HEAT LOSSES AND MOISTURE
EVAPORATED FOR AVERAGE SEDENTARY MAN WITH OPTIMUM CLOTHING

Dry-Bulb Total Heat Sensible Latent Moisture
Temperature Loss Heat Loss Heat Loss Evaporated

OF Btu/Hr Btu/Hr Btu/Hr Lb/Hr

40 400 350 50 0.048
45 400 350 50 0.048
50 400 350 50 0.048
55 400 350 50 0.048
60 400 345 55 0.053

65 400 335 65 0.062
70 400 320 80 0.077
75 400 300 100 0.096
80 400 270 130 0.125
85 400 220 180 0.173

90 400 120 280 0.269
95 400 20 380 0.365

100 400 -80 480 0.461
105 400 -180 580 0.557
110 400 -280 680 0.653

11
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SECTION 2.0 MEASUREMENT OF 'ATILATION RkATt

2.1 AIR VELOCITY MEASUREMENTS

One of the objectives of this project was to dwiw 04 verify impricved t*Ch4..s6

for measuring rates of ventilation in spaces whmi Otw 40- r-sn of mitering and

leaving air is not sufficiently well defined for e'rect wome- 1b -onvefioV"A

procedures. The direct measurement procedures included prpw - 00anrnomost, L,

thermal anemometers, paper streamers, smoke patterns, etc. Nam pr soce-

dures was suitable tor a situation such as this because of low aor evo

the scope of the instrumentation, or because of confused patterns of e owo,--

even over the area of a door opening.

An earlier study' investigated the use of both tracer gas methods with pon~4

filtration meters and a water vapor method utilizing psychrometers and applying

2~iJA.the law of conservation of moss. At that tiene, the Westinghouse electronegativo

gas detector was examined and used for a short time with the tentative conclusion

that it offered many advantages over all other methods investigated. This present

project concentrated on the application of that instrument for measuring the rela-

tively low rates or air change encountered in natural ventilation.

2.2 TRACER GAS METHODS

In using a tracer gas to determire the ventilation of a building, a choice exists

lof using either .i sustain ed rate '.f injection or a concentrated injccon followed by the

measurement of rat- of decay. Both methods were used in this project.

15

Best Available Copy



I V I SUSTAINED RATE OF INJECTION

% ",er got is injected into a fixgd volume at a known rate and well mixed with

- e reslting concentration increases steadily. If, however, air free of any

trmce.w - o ,mvduced into the space and an equal quantity of air-tracer gas mix-

ture is ros-w4 w permitted to escape, the concentration increases at a slower rate

until an sou 0 - concentration is established at which as much tracer gas escapes

wit! the exitirV c- m -s ;ntroduced by injection. When an inert tracer gas is used,

iwhout absorptioo or v' reactions, the factors needed to calculate a ventilation

vote we the volume rate 0 ijection of the tracer gas and the volume concentration

.of t gs in the space after the equilibrium condition has been attained. The vol-
I

of g-froe air entering the space can then be calculated, and by comparison

wt+ the vaume of the space, the air change rate car be determined.

7%oe cedure used in this research project incorporated several features which en-

6anced t*e reuits. The tracer gas was admitted at six separated locations near the

to of e test space, or in the case of multi-story observations near the ceiling of

e cry. Diffusion of the gas and natural air convection provided a good mixture

of "- 9M 0wouhout the space. The air sample for analysis was drawn off at six

locatio , new te floor. The injection and collection locations were distributed

throughout th wace to obtain uniform conditions. The tracer gas was first mixed

with compressd air wid *e larger volume flow permitted the use of relatively large

pipe so that dirt accumulation and partial clogging could not occur.

16



The tracer gas was metered in two ways to check the actual amounts used. The

cylinder of compressed tracer gas was placed on a platform scale that permitted

weighing of the amount used in a given time. A go r,.-'lutor reduced the pressure

to near atmospheric to permit the use of a Fischer and Porter Flowrator to monitor

the rate at which the gas was being injected. Standord procedures were used to

convert the flowrator readings to volumes of gas. Known characteristics of the gas

permitted calculations for comparing the indicated flowrator volumes with the scale

weight observations; it was determined that very good agreement existed between

the two methods.

The gas detector had good sensitivity so that a moderate concentration of 10 to 30

ppm was sufficient to provide required data. Consider, for example, a typical test

result shown by the solid line in Figure 2, in which the fifth floor shelter space has

an effective volume of 48, !00 cubic feet. If there were one million cubic feet of

space and one cubic foot of gas were injected, the concentration would be one ppm.

Therefore, for the actual shelter volume with one cubic foot of gas injected, the
conentatin i1,'00,000

concentration is 0 or 20.8 ppm. For an injection of 0.829 cubic feet

per hour (the actual amount used in the test), the concentration is 0.829 x 20.8 or

17.3 ppm. This represents the expected concentration if there were one air change

per hour. Since only 10 ppm of SF6 was measured for test 14B, indicated on Figure

2, an air change rate of -7. or 1 .73 results.

17
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Figure 2. COMPARISON OF GAS INJECTION METHODS
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2.2.2 DECAY RATE

The rate of decay method for determing air infiltration utilies the relotlonship in

which the change In gas concentration is equal to the tracer gas leaving the space

with the outlet air in the same period of time. Expressed mathematically, this is:

-dC NC dt (1)

where C concentration of tracer gas at time t

N number of air changes per hout

t time

with C = C0 at t = 0, equation (1) becomes:

N= loge C0/C (2)
t -t

0

The procedure used was to inject a quantity of tracer gas into the space at such a

rate and in such a manner to achieve a uniform concentration of 35 to 50 ppm in as

short a time as possibie. The test equipment permitted injecting sufficient gas with-

in a 20 minute period to attain this concentration. Injection was stopped and the

concentration of the gas monitored. When the concentration was plotted on the log

scale and time plotted on the rectilinear scale of semi-log paper, the resulting curve

indicated the rate of air change. A straight line shows that the air change rate is

constant. The process is more fully explained and illustrated in the Appenaix.

Figure 3 is a replot of the dash line portion of the curve shown in Fi.ure 2, using

semi-log paper instead of uniformly spaced coordinates. This is a typical test,

19
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Figure 3. DECAY RATE OBSERVATION TEST 15B

No. 15B, showing resu!ts of the decoy rate method. in this example,

I10ge 7.7 pp /l .6 ppm_ 1 58 air changes per hour. This represents substantial
I hour

agreement with test 148 (using sustained rate method) v~ich had identical condi-

tions and which preceded test 15B by only a few m'nutes.
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2.3 AIR SAMPLING EQUIPMENT

The limited time period during which testing was possible required a carefully de-

veloped gas distribution system. Time limitations mode it necessary to run tests semi-

automatically 24 hours per day. Furthermore, it was necessary to check air change

rates in many different locations at one time, to provide automatic monitoring and

recording of data, and to permit the injection of tracer gas to any location in either

of two test buildings by remote control from a central location. To accomplish oil

his, a tracer gas distribution system was designed, along with a sample co~lection

system which allowed great flexibility along with a high degree of reliability.

Basically, both the gas injection and air sample collection systems utilized one-

half inch diameter polyethylene pipe of the type common in home and farm water

systems. This pipe was chosen for its felxibility and low cost, along with its ready

availability in the large quantities (8000 feet) needed for this project. Other re-

quirements satisfied by this pipe were: low resistance to air flow, availability of

standard fittings, and ease of workability. The pipe proved satisfactory in every

respect, and is highly recommended for this type of work.

To serve as the sample collection system, a length of this pipe was run from each

floor of each building to the control center. Figures 4, 5 and 6 show the pipe run-

ning out of one building, draped to the walkway roof, and running across that roof

to the other building in which the central control room was located. On each floor,

six rigid plastic tubes, 1/16 inch diameter and 2 inches long, Figure 7, were

inserted into the polyethylene pipe by drilling a small hole in the wall of the pipe
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Figure 4.
PLASTIC PIPE THROUGH
WINDOW OPENING

- . . ......... -" Figure 5.
- PLASTIC PIPE SUSPENDED

Ell BETWEEN BUILDINGS

-HI

mm

- -.. Figure 6.
PLASTIC PIPE ON

- WALKWAY ROuF
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and forcing the tubes into place. These very small tubes were used to provide equal

air samples from all locations in both buildings, since the total resistance of a run

was affected by the length of the tube and, therefore, different lengths of pipe to

various floors could be balanced in resistance. A pipe carried the collected sample

bnck to the central control room, Figure 8, and connected to one position on the automatic

multi-valve, Figure 9, which enabled the operator to monitor that pipe at will.

Figure 7.
TUBE OUTLET IN
PLASTIC PIPE

Figure 8.
PLASTIC P!PE TERMINATING
IN CONTROL ROOM
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Figusre 9.
THE AUTOMATIC
MULTI - VALVE

A schematic of the Automatic Multi -va~ve is shown in Figure 10 below.

TO VACUUM

TO EGAD..

Figure 10. SCHEMATIC OF THE AUTOMATIC MULT! - VALV'E
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The automatic multi-valve is a device developed specifically for this project to per-

mit coitinuous fresh samples to be drawn from each dloor. The samoles can then be

checked for concentration of tracer gas. The device contains twenty electrically

controlled three-way valves arranged in a circle around two chambers. Each valve is

normally open to the upper chamber, allowing air from the connected floor to be

drawn ofi confinuously,which maintains a fresh sample of air from each floor at the

control room location. Figure 11 is a schemutic layout of the valving arrangement

showing air movement to the upper chamber.

TO VACUUM CLEANER

FROM
F LOOR C.

FtO0~ I...... F -

3-WAY VALVE

Figure Il. AIR TO UPPER CHAMBER

An industrial shop vacuum cleaner, Figure 12, was used to remove the air from the

upper chamber which t~ien passed through the vacuum cleaner and was discharged to

the exterior of the building.

Figure Q2.
INDUSTRIAL TYPE
VACUUM CLEANER
(ON RIGHT)
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A switching mechanism, shF,'wn in Figure 9 to the left of the automatic multi-valve,

was constructed to switch, in sequence from I to 20, the air flow from the valves to

the lower chamber. It was init;allr thought that the gas detector equipment would

require three minutes to detect and stabilize on a gas sample. This would permit 18

locations to be sampled in I hour. The additional valves were used monitor fresh

outside air for recolibration of the detector every 30 minutes.

When a valve is switched on, the sample from the location t s monitoring is seoit

to the lower chamber as shown in Figure 13.

FROM
F LOOR

TO DECTECTOR

3-WAY VALVE

Figure 13. AIR'TO LOWER CHAMBER

The lower chamber is swept free of its air by the same vacuum system which con-

tinuously clears the upper chamber. Part of the sample is also taken by means of

Q small vacuum pump and routed to the detector equipment.
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The pattern cycle of air travel may be summarized as follows:

Normal: Air is collected from six locations on each floor and is

then purged through the upper chamber and discharged outside

the building.

For 3 minutes of every hour: Air is switched to the lower cham-

ber and some is drawn off through the vacuum pump and sent to

the detector equipment.

Reco ibration: For recalibration, fresh outside air is necessary.

Each time valve #10 or #20 is opened, fresh air is directed

through the lower chamber to the detector. A special switch

is also closed, via a relay which starts the automatic recali-

bration built into the detector equipment.

The air sampling system of plastic pipe with inserted short tubes worked very well;

however, a few minor modifications should be made to the multi-valve. It was

often desirable to rionitor positions in a sequence other than 1 to 20, and it was

frequently necessary to eliminate a number of positions. If, for example, a se-

quence of 1 - 4 - 5 - 6 - 7 - 9 - 10 was desired, much hand switching was neces-

sary. This required close attention to the controls and consumed a high percentage

of operator time. A more flexible system could easily be built into this electronics

arrangement for Future use. It was also discovered that the detector would respond

and stabilize in only one minute instead of three, making a one minute time for

each floor more desirable. This time reducation would allow more samples to be
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taken in a g~ve time period which, in turn, would probably irfreow accuracy and

reliability of an. However, three minutes are still necessary for accurate recali-

bration. Therefore, two timers would be an improvement, one for one-minute

samples from the floor*, and a three-minute timer for fresh air snples.

The tracer gas used for this project was sulphur hexafluorido (SF6) because the

Westinghouse electronegati ,e gas detector, abbreviated EGAD and shown on the

left in Figure 14, is most sensitive to this gas. It was desired to have a flexible dis-

tribution system which would evenly distribule gas to and around each floor space.

The same type of one-half inch diameter polyethylene pipe used for the air saipling

equipment proved to be a most satisfactory solution in every respect.

Figure 14. THE ELECTRONEGATIVE GAS DETECTOR AND
SERVO CHART RECORDER
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The tracer gas, SF6 , was delivered in cylinders each containing approximately 120

pounds of gas. Cylinder weights were recorded to the nearest once at the begin-

ning and end of each test, see Figure 15, and at intervals of approximately 1 hour

if a long test was in progress. The gas was passed through a pressure reducing valve

(Haris regulator, Model 192-45) with which flow rate could be controlled quite accurately

for relatively long periods of time without need for continuous resetti ng. Gas vol-

ume was easily checked on a calibrated flow rate tube, shown on the wall in Figure

15, before it was passed into the dilution and distribution system. It was decided to

dilute the SF6 with air prior to distribution, since only small quantities of the tracer

gas were requhid, and mixing on the floor under test would likely be poor if a pure

gas sample were used. Air for dilution was provided by a small one cylinder air

compressor set to r-i with almost free discharge, from two to ten inches of water.

Gas was injected into a tee between the output of the air compressor and the dis-

tribution system. The distribution system on each floor consisted of the plastic pipe

with six 1/16 inch diameter tubes identical to those in the collection system. The

tubes were located near the ceiling to separate the distribution outlets from the

collection tubes !ocated near the fioor, which insured good mixing of the tracer

gas with the air in the test space. Figure 16 shows the distribution and collection

pipe in the corridor on one of the floors.

The time necessary for detection of gas concentration using this distribution and

collection system varied with the distance of the test space from the control center,
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but in no case was more than 5 minutes. This time requiremnt included total time

from the start of gas injection flow to the indication by EGAD of SF6 contamination

in the space.

It

Figure 15. Figure 16.

GAS CYLINDERS DISTRIBUTION AND COLLECTION PIPE

2.4 ELECTRONEGATIVE GAS DETECTOR

The Electronegative gas detector (EGAD) is a device manufactured by Westinghouse

for detecting leaks in gas filled electrical equipment. Figure 17 is a schematic diagram

of the major parts of the EGAD.

EGAD had several pecularities which proved to be annoying, time consumingand

sometimes difficult to correct.
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FILTER

TO THE AIR PUMP HUMIDISTAT
MULTI -VALVE

PROBE-- :U:
DETECTOR J

ME AMPLIFIER
i ETPR

Figure 17. SCHEMATIC DIAGRAM OF EGAD

A Westinghouse Odorout ozone lamp was used in part of the detection apparatus.

When this lamp approached the end of its usable life, an indicating light on the

front panel dimmed and flickered, and output became erratic. Calibration also

became unstable and at times even impossible to achieve. The life of this lamp was

only 20 to 30 hours, and time necessary for stabilization of a new lamp varied be-

tween one and four hours. Thus, much time was spent in replacing lamps and re-

calibrating the instrument. Also, Odorout lamps were not locally available.

However, another ozone lamp made by Westinghouse called Sterilamp was avail-

able. Even though these two lamps looked the some in all respects, Sterilamp

performance was unsatisfactory. Eventually, a General Electric Ozone lamp was

tried in the equipment, and was found to stabilize rapidly with a service life of

upwards of 100 hours.
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Another difficulty with EGAD arose when an attempt was made to calibrate the

equipment using a plastic drum filled with fresh air and injecting a known quantity

of SF6 into it. It w0 found that no agreement could be obtained between original

Westinghouse calibration and calibration during this project. Furthermore, it was

not yet possible to duplicate calibration twice in a row. After much experimentation,

it was found that internal air leaks in the instrument were causing an improper

zeroing operation as well as diluted samples, which further reduced accuracy. The

leaks were on the vacuum side of the EGAD air circuit and were almost impossible

to eliminate. It was decided that if the entire internal air circuit were pressurized,

all leaks would be outward and therefore vo uld not change the calibration of the

instrument. Pressurization was accomplished by placing a small diaphram vacuum-

pressure pump in the line before EGAD and pressurizing the entire piece of equipment.

This technique worked very well. The method of checking for instrument leaks was

to cover EGAD wi+ a large plastic bag and inject SF6 into the bag. If any leaks were

present they would be detected on EGAD and show up as a meter indication. After

pressurization of the equipment, no leaks were detectable.

After the leaks were corrected, proper calibration was accomplished with a plastic

drum which contained a small electric mixing fan. Two small holes were placed

in the top of this drum. One was used for removing a sample from the drum for

EGAD, the other for injecting accurate amounts of SF6 to the drum. Injection was

made in 0.5 cc amounts with a calibrated syringe while reading meter deflection

and servo chart recorder deflection until full scale was reached on the EGAD.
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This had to be done rapidly as decay was taking place at the same time injection

was being performed.

This problem of leakage caused the initial series of tests and calibrations to be

invalid, creating an additional burden on the remaining time available for testing.

The response of the EGAD was non-linear as Westinghouse had advised. For example,

on the 50 ppm scale, which was used exclusively, 40 ppm indicated equaled 53.2

ppm calibrated, and 50 ppm indicated equaled 100 ppm calibrated. The most accur-

ate part of the 50 ppm scale was from 0-30 ppm, calibrated values being off by less

than 2 ppm from indicated value. Figure 18 is the calibration curve used for this

project.
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SECTION 3.0 INFILTPATION OF AIR IN BUILDINGS

3.1 MECHANICS OF INFILTRATION

Infiltration may be defined as air movement inward through cracks, interstices

around windows and doors, and through the walls and other exterior constructions of

a building. Exfiltrotion can be defined as flow out of a building through crodks,

interstices, and constructions. Natural ventilation depends upon two things pres-

sure differential between the inside of a building and the outside, and the resistance

to flow of air offered by openings, crotics, and interstices. The pressure differential,

on the other hand, is caused by either or both of the following: (1) a difference in

6
density of uir between the inside and outside, and (2) wind pressure.

3.2 PARMETERS AFFECTING INFILTRATION

Many factors affect the rate of infiltration and exfiltration in a building. Some of

these have been explored in detail by numerous researchers in past years. Others

have been recognized but not determined accurately either by theoretical calcula-

tion or in the laboratory. Variations in actual construction between two seemingly

identical buildings an1 unpredictability of weather conditions indicate the futility

of attempting to arrive at a precise answer by calculation.
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Nevertheles, there is some advantage to be gained by at least recognizing 'he in-

fluences which are involved. The more obvious ones are as followx

ITEMS DEALING WITH EXTERNAL WEATHER CONDITIONS:

(1) Siting and orientation of the building
(2) Wind velocity, direction and constancy
(3) Relationship between positive and negative pressures

on building walls
(4) Ambient temperature conditions - magnitude
(5) Solar heat conditions on the building and its various

parts
(6) Barometric pressure conditions
(7) Precipitation - kind, magnitude, duration

ITEMS CONCERNING EXTERIOR SKIN CONSTRUCTION
OF THE BUILDING:

(1) Wall, roof and floor construction - porosity, mass,
texture, color

() Cracks in operable windows and doors
(3) Cracks beween components and construction
(4) Cracks in join's and materials

ITEMS DEALING WITH INTERNAL BUILDING CONDITIONS:

(I) Presence of flues or stacks such as stair wells, elevator
shafts, vertical pipe chases, etc.

(2) Height and size of s*ocks
(3) Mechanical ventilation - amount, kind and distribution
(4) Heat generation sources
(5) Porosity of interior surfaces of exterior wal Is
(6) Doors - locations, size, rightness and position
(7) Ceiling heights

The considerable number of influencing factors would be sufficient toeemphosize the

need for assessing conditions in actual buildings and to seek results which would be

immediately helpful for predcting natural circulation possibilities under sets of
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given circumstances. Inmofm as time Ind facilities permitted, the prasent study

considered these influences.

3.3 PROCEDURES FOR ACCELERATING INFILTRATION

Several devices can be used to accelerate infiltration in a building 9 '10, 11

window', and doors can be opened on both windward onrd leeward sides; skylights or

hatches can be opened at the tops of ,xhaust stocks; additional heat sources can be
12

used at the bottom of an exhaust stack; mechanical ventilation, operated manually

or with power equipfnent, can be employed to enhance air movement; and people

and other heat generators can 6e concentrated and located in such positions as to

increase lateal movement of air between stacks.

All available devices deserve considerolon in any effort to accelerate infiltration

in lieu of forced ventilation.

3.4 REQUIREMENT OF INFILTRATION RATE TO SHELTER OCCUPANCY

Numerous studies have been made concerning the quantity of fresh air required for

human occupancy in a btx ilding space and the effects of extreme overcrowding.

The minimum quantity needed by occupants is related to the maintenance of both a

satisfactory quality and a tnerable temperature-humidity (or effective temperature)

condition. The frequently used figure of three cubic feet per minute per occupant

will in all ordinary circumstances insure satisfactory quality of the air, but only

snder the most favorable conditions will it keep the temperature-humidity level

within a tolerable range. The upper limit has been generally set at 85 F effective

temperature.
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Thv inflltration rate will, therefore, have a very direct relationship to the permissi-

ble shelter population density. For shelter planning, it is desirable and even im-

perative to be able to determine the maximum number of people that a given space

can accommodate under stated climatic conditions and under stated ventilation

rates. It is axiomatic that the shelter population density must decrease as the venti-

lation rate decreases if the shelter occupancy is initially at maximum density.

3.5 POSSIRlLITY OF FALLOUT PARTICLE INFILTRATION

Whenever air infiltrates a building there is a possibility of a particulate matter

entering along with the air. The quar.tity of the entering particulate matter de-

pends primarily upon its size and density, wind direction and velocity, and upon

the velocity of the entering air. Size of crack or opening is a determining factor

as demonstrated by a series of tests conducted on models in a low speed wind tunnel
13

and using a distribution of simulated fallout particles. This present study deals

basically with a closet, but not sealed, building. The admission at dangerous

quantities of falloutparticles under these conditions is highly unlikely. Even if a

limited number of windows are opened where they are most effective in accelerating

internal air movement, the safety of designated interior shelter spaces would not be

changed materially.

3.6 AIR FLOW DUE TO TEMPERATURE DIFFERENTIAL

A stack or chimney effect will occur in a building when the te.,-jxerature inside the

building is higher than that outside, the pressure difference occurring as a result of

air density difference. This action, of course, is dependent upon the presence of

40



vertical stocks such as air shafts, stairs, or elevator shafts. If the internal tempera-

ture is greater than the outdoor temperature a negative inside pressure and an inward

flow of air will occur at lower levels. There will be a positive inside pressure and

an outward flow of air at higher levels. A neutral zone will normally occur at some

intermediate level. This is the zone where there is no pressure differential between

the interior and exterior. The neutral zone will not necessarily occur at the verti-

ccl midpoint. An excellent discussion of this chimney effect is to be found in, the

ASHRAE Guide and Data Book. 6

The air flow due to temperature differential can be determined by the following well

known equation:

Q = 9.4Axh(t i -t) in which:

Q = Air flow in cfm
A = Free area of inlets or outlets (assumed equal) in

square feet
h = Height from inlet to outlet in feet
ti = Average temperature OF of indoor air in the height h
to = Average temperature of Indoor air OF

9.4 = The constant of proportionality including value of
65% for effectiveness of openings (reduced to 7.2
for unfavorable conditions)

The above equation is applicable only if there is no significant resistance to flow

within the building between inlets to outlets. This condition will not exist in an

occupied space. The importance of maintaining the greatest possible height h is

obvious, in order to produce the maximum air flow. Opening a window low down

on the inlet and near the top of the outlet will also increase the effectiveness of

air flow. This, too, is obvious from the equation. The remote possib'lity of entry



of fallout particle$ may prompt oe to delay opening windows until the particles

have stopped falling.

3.7 AIR FLOW DUE 10 WIND FORCES

Air flow within a building, or the creation of a pressure differential, can be at-

tributed in part to the wind. Important parameters concerning the flow due to wind

are: wind velocity, wind direction, seasonal arid daily variations in velocity and

direction, local wind interference 'y nearby buildings and other men-made struc-

tures, and interference by hills and other natural obstructions. In regard to wind

forces, the statement is made in the ASHRAF Cide and Data 6 that "in general -

velocity of wind acting on the surface of a building is too complicated to be repro-

swnted by anything that is rational". The shielding of one building by another usu-

ally results in significant reductions in effective wind velocities. In spite of all the

uncertainties, it is possible to develop some rough boundary conditions provided

one can accumulate certain pertinent data. Further research and investigation is

needed in t is area.

In general, pressures will be positive on the windward side and negative on the lee-

ward side. Presures on the remaining sides may be either positive or negative de-

pending on the arng!e of the wind. Static pressure patterns on the roof depend upon

the roof type; whether flat, low pitched, or high pitched. Negative pressures will

generally exist on flat or 'tow pitched roofs, and positive pressures on high pitched

roofs on the windward side arW negative pressures on the leeward side. The static

pressures on surfaces of build ngs ore approximated by the following relaticnship
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based on air density of 0.075 pounds per cubic foot.

PV = 0.00048W 2 in which: (3)w

PV = Velocity head in equivalent inches
of water

Vw = Wind velocity in mph

Air flow due to wind can be expressed as:

Q = EAV in which:

Q = Air flow in cubic feet per minute (4)
E = Effectiveness of opening,

0.50 to 0.60 for perpendicular winds
0.25 to 0.35 for diagonal winds

A = Free area of inlet openings in square feet
V = Wind velocity in feet per minute, or:

fpm = miles per hour x 88

The summer wind velocity is usually lower than the winter velocity and the summer

wind direction is different from the winter direction in about 2/3 of the localities

for which we have records. It is reasonable to design for 1/2 of the average sea-

sonal velocities which can be procured from weather reports. However, caution

should be used in shelter planning because calm periods, if extended, would present

a mnst severe condition.

As a direct assistance in the present study, when one considers the opening of wind-

ows and doors in order to facilitate circulation, the following points should be kept

in mind: Inlets should be advantageously located with respect to the wind, ideally

fucing directly into the prevailing wind. For best results outlets sho'Old be in one of

five plocet (1) on the side directly opposite to the prevailing wind, (2) on the roof
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in a low pressure ceea caused by the jump of the wind,- (3) on the side adjacent to

the windward face where low pressure area occur, (4) in a monitor on the side

opposite fromr the wind, or (5) in roof ventilators or stacks.
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SECTION 4.0 THE TEST BUILDINGS

4.1 WALL AND FLOOR CONSTRUCTION

Buildings used for this project are located on the University Park campus at State

College, Pennsylvania. Both buildings are identical in design and construction.

Each is on eight-story dormitory with full basement,completed in 1961. The frame

and floors are constructed of reinforced concrete. Exterior walls are composed of

4" brick, 2-4/4" air space, and 8" stone aggregate concrete block. Spandrals

under windows consist of 1" metal curtain wall, air space, and 8" concrete block

with concrete filled cores.

Floor slabs are waffle plate construction with 3-1/2" concrete over 8" deep forms.

Roof construction is the same as floors, but topped with 1-1/2" insulation and built

up roofing.

Construction throughout is somewhat obove average with respect to tightness so that

infiltration and exfiltration through metal window cracks and masonry walls are a

minimum. Windows are aluminum sliding type, of single sheet double strength win-

dow glass. All windows have pile weather-stripping and were kept closed during

tests. There were no draperies at any of the windows. Window openings are 6'-"

x 6'-110. On the long sides of the building, window area is approximately 25% of

total wall area.
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4.2 BUILDING ORIENTATION

The plan relationship of building A to building 9 and the location at other buildings,

construction in progress, parking lots, and walks are shown ;n Figure 19. It is ;ntr-

esting to note that no shadows were cast by either building on the other at any time

during the period of testing. The photograph, Figure 20, shows the two buildings

looking directly west with the building B on the left and building A o the right.

Covered walkways between the buildings are also shown. Figure 21 t. a photograph

of the two buildings looking directly east. Building B is casting a shadow on buildirg

A in this photograph only because the picture was taken some months later in the

year, after testing was completed.

Wind patterns were influenced to some extent by adjacent buildings, but since most

of the other buildings were either well removed from the test structures or considerably

lower, that influence was minimal, particularly above the second or third story.

4.3 FLOOR PLANS

Floor plans of both test buildings are shown in Figures 22, 23 and 24 and a roof plan

in Figure 25. Simulated shelter areas are noted bj cross-hatching on the appropriate

plans. Locations of equipmer.t and tracer gas release on collection points are also

indicated.

4.4 SECTIONS

A longitudinal cross section through the entire building is shown in Figure 26 and a

transverse section in Figure 27. Again, simulated shelter spaces are cross-hatched.
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Dormifory rooms are located aoln-n e yt- e of thle f;V foot wie cow,
In some tests, room doors wre open while in other tests they wee cloed. Room

doors have a I" crack at tthe bottom but no ventilation grilhk. ElI:vftor doorm were

kept closed, but were used by project personnel throughout the entire test>;:? oeriod,

oid therefore were not sealed.

4.5 SHELTER LOCATIONS AND SIZE

Floor area of the simulated shelter spoces in the basement is 1, 419 square feet.

Basement ceiling height is 10'-I" which provides a shelter space volufe in the

basement of 14, 300 cubic feet. Figure 28 is a photograph of that space.

%I

Figure 28. Figure 29.
PLASTIC PIPE IN BASEMENT FIFTH FLOOR SHELTER SPACES

58



Floor arvi of tke simulated shelter spaces on the f;lth floor *s 2,50' square feet.

Ceiling height, typical on all floors above the first, is 7'-6" wlich provides a fifth

floor sl-elter space volume of 18,800 cubic feet. Figure 29 is a general view of the

corridor portion o that space.

Total building volume including basement, but excluding penthouses is 431,460

cubic feet. Therefore, basemr'it shelter space is onproximately 3.31'r, of the total

rii ffth floor shelter space is approximately 4.35% of the total. The unit area in

square feet per person and the jnit volume in cubic feet per person, as stated in all

test results, are based only on shaded areas whether the room doors are open or

closed.

4.6 PREDICTED AIR CIRCULATION PATHS

One of the stair towers has an exterior wall containing two very narrow vertical

windows at each floor level. The other tower is entirely interior, except for the

first floor, and contains no windows. The exterior stair tower terminates at the

eighth floor, while the int'r. '-war :ntinues on to the s ,im dec1 ' end "!cvc-or

machine room as shown 'i, Figure 26.

No effort was made to seal the windows, although they were kept closed and

latched. All built-in mechanical ventilation fan units were turned off during the

tests and grille, on the front of the unit ventilators were sealed as shown in Figure

30. It was anticipated that the heat generated by simulated occupants in either or

both shelter spaces would create an air movement towards cne of the stair tovers
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and cause an upward movement of air n that tower. The air would move across the

building at one or more upper stories (depending upon location of open stair tower

doors) ano move down the oher stair tower. Pressure differential at the base of

these towers would be created by the infiltration of heated air, in addition to the

heat generation by occupants. Actual circulation paths followed the predicted

paths as shown in Figure I .

Figure 30. SEALED VENT GRlLLES

4.7 THE CONTROL RUNtf 0G

The dormitory huilding labeled A was intended to be used as a control in order to

weight and evaluate the effects of external climatic conditions. As the test devel-

oped, it become apparent that no definite circulation paths within the building took

place without a heater generator, such as occupants in designated spaces, but rather

the entire volume of air in the building rose upward not unlike an expanding bubble.

Results of tests reveal the nature of this air movement in control building A and a

number of interesting points relative to the matter of natural infiltration.
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4.8 SHELTER CAPABILITIES

Both buildings have been included in the Not;onal Shelter Survey and from +e

standpoints of radiation shielding shelter capacity meet all minimum shelter require-
14

nents. The capability of sheltering large nu-ibers of people for a two week peri-

od during hot humid weather, however, is dependent upon the c-mount of ventilation

which can be provided. Various numbers of simulated occupants were placed in the

basement shelter space and in thi fifth floor shelter space. Tests were terminated

when it become apparent that moisture accumulation on the building surfaces, furni-

ture, and furnishings wns reaching a potentially destructive level even though the

effective temperature was below the commonly accepted limit of 85 F. In most

cases, as seen by a stidy of tests results in a later section, the area per simulated

occupant was greater than 10 square feet per person.

Time did not permit an inv~stigation of the condition in which two or more of the

upper floor shelters were occupied simultaneously. In order to assess the full shelter

capability of cone of these buildings, such a study is needed.
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SECTION 5.0 PREPARATION OF TEST BUILDINGS

5.1 TIGHTNESS CHECK

Since two buildings were to be used in the proposed tests it was advantageous to check

the relative tightness of the buildings ;n relation to each other. The buildings were

of the saome configuration and built at the same time. However, cdfferences in wea-

therstripping, window tightness, and other leakage Factors could influence the in-

f il tration rate. A large (10, 000 cfm'1 (an was used, Figure 31, to create a pressure

differential across the building by drawing the air out through the main entry door,

Figure 32.

W"

F iov re 31.PJ

PRESSURIZATION FAN ~

Figure 32.
ENTRANCE DOOR DUCT
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The fan exhausted the air from the building which created a fairly uniform infil-

tration effect throughout the structure as shown in Figure 33.

ATMOSPHERIC -_NEGATIVE__ _ _ i- ATMOSPHERIC

PRESSURE PRESSURE PRESSURE

--- +-

-To Fan

I -

.Figure 33. INFILTRATION CREATED BY REDUCED INTERNAL PRESSURE

30' 10' 10,000
CFM FAN

ORIFICE

z 0 )P °
0 0

I Figure 34. EXHAUST DUCT WITH ORIFICE

To measure the air flow, a 30-foot long 30-inch diumeter duct was fabricated to

t attain uniform flow before the pressure differential was measured across the 20-inch

diameter orifice which was inserted in the duct. See Figure 34. Since the building

leakage rate would be influ.znced by infiltration through the ventilators, openings

were seca.ed with 4 mil plstic film and canvas tape as shown in Figure 30. The
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Fire dampers within the three building exhaust dvcts we r; ! 0 y ciose-1. the.,*yY

eliminating reverse leakage through their outlets. All ,inrdws ;n ,e4 busl3ii, Wre

tightly closed. Basement exhaust fant wwre shut dcs find f*ci- J.r!r ' f .ht e'd

for proper closing. The buildings remained in this closed cod;oo fo- t, ,-

of the tests.

5.2 USE OF EXHAUST FAN

A number of tests were run in building A at different vol-uees o j;r iw straiht

line relationship seemed to result between infiltration in crm und lekage across the

building. Figure 35 is a plot of infiltration rate vs. pre-wre di"e.rer-fio!. ()rt

one pressurization test was made in building B. Howeve,, the reqlultan' point lies

within the limit of accuracy for the procejure in general, and an t-' L. , :

concluded that the two buildings have approximately equal tightness.

15

0 .......

U 10
1 9 - - - - - _

7~7
60• BUILDING A

0' BUILDING B

4 L
.02 .03 .04 .05 .06 .07 .08 .09 .10 .11 .12

PRESSURE DIFFERENTIAL - INCHES OF WAIER

Figure 35. INFILTRATION RATE vs PRESSURE DIFFERENTIAL
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5.3 I'JSIALLATION OF EtIPMENT

Most of the fet e qipment was installed o the first floor of building B, shown in

Figvre 23, so that one person could monitor the tests and control the as injet;on

equipmvnt. The temperature recording apparatus for building 8, a 24 posithxi

copper-constmoan thernmocoplexecorder shown s Figure 36, was also avilable to

monitor all floor temperatures and amttide temperatures. Since there were no she)-

tes simvlated in building A, its tempertvr, recorder, the same type en in building

B, was not h the test monitor space but was located on the first floor of A. In order

to reduce the noise within the test equipment space, the air compressor and vacLum

cleaner, shown in Figure 12, were located in a closed storage room with flexil le

tubing connections to the automatic multi-valve and the qas distrt ution equipment.

40 20 -0- V)2?av 10u

Figure 36. AUTOMATIC TEMPERATURE RECORDER

Two gas cylinders, Figure 15, were placed on platform balances to enable tk,

operator to inject gas into two locations at the some time. This did not work out as

expected because one of the two regulators available could not maintain an even

flow for more than a few minutes at a tine and, therefore, was not used for these
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tests. This did not prove a great handicap because gas injection could be accomp-

lished with one cylinder and regulator by switching injection tubes on the gas dis-

tribution manifold. Figure 37 shows a sketch of the gas distribution equipment.

Valve type aggregate Simoc equipment, made by the MRD division of The General

American Transportation Corporation, was used to simulate occupancy in the shelter

15,16spaces. Water for the Simoc was supplied by a constant level tank located

one floor above the shelter space. The water was not weighed or metered because

the Simoc equipment had been calibrated, and it was concluded that its built-in

controls were adequate to regulate simulated occupancy levels. For basement S:;noc

equipment locations see Figure 22. Basement photographs, Figures 38 and 39 show

the Simocs as installed.

FLOWRATOR TUBES

MANOMETER

TO BLOG A

TO BLDG 0

Figure 37. GAS DISTRIBUTION EQUIPMENT
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Figure 38. Figure 39.

SIMOC IN BASEMENT SIMOCS IN BASEMENT

SPACE - LOOKING SE SPACE - LOOKIING NE

Fifth floor Simoc ,ocations were selected to load the larger spaces in the shelter and

to reduce the effects of the Simoc directional characteristics which might influence

natural air flow patterns within the shelter. The fifth floor plan, Figure 24, shows

Simoc locations. Figures 40, 41 and 42 show the actual Simocs as installed.

rI

Figure 40. SIMOC IN FIFTH FLOOR CORRIDOR

70



Figure 41. SIMOC IN FIFTH Figure 42. SIMOC IN FIFTH
FLOOR BATHROOM FLOOR LAUNDRY

Aspirating psychrometers of the type shown in Figure 43 were located at the inlet

and outlet of each shelter space, as well as on the exterior of building B to record

outdoor dry bulb and wet bulb conditions. These devices were connected to the

automatic temperature recorder shown in Figure 36.

Figure 43. ASPIRATING PSYCHROMETER
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SECTION 6.0 BUILDING A TESTS

6.1 GENERAL OBJECTIVES FOR BUILDING A

The general objectives in using a control building were to study air movement in the

building without occupants, and to separate the effects of outdoor climatic condi-

tions from the effects of indoor heat generation, as produced by simulated occupants.

As test results indicate, it was not possible to meet these objectives completely.

Nevertheless, the data obtained from Building A reveals some interesting facts con-

cerning the relationship between outdoor conditions and internal conditions.

6.2 TEMPERATURE VARIATIONS INSIDE BUILDING A

In general, there seems to be an increase in temperature, floor by floor, from bottom

to top of the building. An exception was found on the top floor where the temper-

ature dropped slightly, probably due to the closeness of the roof construction and to

the duct space above the suspended ceiling. An expanding bubble or balloon effect

rather than a circulatory effect was noted in Building A as compared with Building B.

Figure 44 is a graph showing a floor by floor relationship of temperature vs. time for

a 24 hour period. The fifth floor data have been omitted for clarity, but generally

the temperature on that floor was somewhere between the temperatures on the fourth

and sixth floor.

6.3 EFFECT OF OUTDOOR TEMPERATURE ON INDOOR TEMPERATURE

Except for the first floor where there was much gloss area and operable doors there

was no marked effect between the outdoor temperature and indoor temperature.
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Generally, this lock of correlation could ,,e attributed to the inertia of the masonry

building construction. Figure 45 is a plot of temperature variations at both ends of the

basement and first floor as related to outdoor dry bulb temperature over the period

of testing in Building A.

6.4 INDIVIDUAL TESTS IN BUILDING A

Figure 46 is a summary of air change rates in Building A as determined by the rate

of decay method. Observations were made both with the dormitory room doors closed

and with dormitory room doors open. In each case, the tracer gas was injected into

the corridor and core room spaces. The air samples were also taken from the corridor

and core room spaces. Decay rates with the room doors closed, Figure 47, were generally

faster than the rates with the doors open, Figure 48.

There are two contributing factors for this relative difference in decay rates. Factor

No. I, the room doors were undercut to provide an opening at least I inch wide along

the bottom of the door. A tight fitting door would be expected to be a considerable

impediment to the flow of air from the room to the corridor and the infiltration should

be considerably reduced. With a relatively large opening available, any air passing

through the building envelope into the rooms had very little difficulty passing from

the rooms to the corridor, whether the doors were open or not. Similarly, any air passing

from the corridor to the rooms and subsequently from the rooms to the weather had

very little difficulty passing from the corridor to the room whether the doors were open

or not. Therefore, a closed door which would be expecied to offer resistance to

air flow and reduce the infiltration rate had nc perceptible effect on the infiltration or

exfiltrotion rate! through the building envelope.
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Factor No. I alone does not increase the decay rate in the corridor with the doors

closed but in effect provides the same infiltration rate, which, because of factor No. 2

allows the decay rate to be larger when the doors are closed.

NOTE. If closing the room doors reduced the infiltration through the building

envelope substantially, the decay rate in the corridor with the doors closed could be

less than the decay rate with the doors open.

This second factor, which makes the corridor decay rate greater with the doors closed,

is the reduced volume available for mixing. The tracer gas injected int.' the corridor

mixed with the corridor air only. Any infiltrating air flcwing under the room doors

from the rooms to the corridor prevented the tracer gas in the corridor from convecting

into the rooms. The volume of the room was isolated from the volume of the corridor anj

therefore, was not a part of the volume in which decay was taking place. Exfiltrating

air flowing from the corridor to the rooms hod the same effect as air exfiltrating

through the building envelope. The volume of these rooms was isolated also from the volmn,

of the corridor and was not a part of the volume in which decay was taking place. Under

these conditions, the decay rate and air change rate are related to the volume of" 'e corr

and core spaces only.

When the room doors were open, the tracer go from the corridor could mix with the room

air by convection through the door opening. Under these conditions, tha decay rate and

air change rate are related to the total volume of the corridor and core moms I the

dorrmitory rooms.

Fi ,re 49 contains two curves, one an average of the higher rates of air change ob-

served with the room doors ciond m plotted in Figure 47, and the other an overage
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of the lower rates of air change observed with the room doors open as plotted in

Figure 48.

These curves are combined in Figure 50. Also shown in this figure is a solid line

curve which is one-half the rate of air change observed with the doors closed. The

one-half rate represents an arbitrary figure to take cognizance of the fact that some

mixing of air between corridor and rooms takes place even with the room doors closed.

The agreement between the two curves is very good for all floors above the second

floor. The equipment was removed from the second floor for other purposes before

the open door observations were made, and consequently there is no good compari -

son for the second floor. There were no dormitory rooms on the first floor or in the

basement. Agreement between the curves for the basement is very good. On the

first floor the rate observed when the dormitory room doors of the floors above were

open is lower than the rate observed when the room doors were closed. The reason

for this is obscure but may be due to observational problems since the difference of

0.25 air changes is relatively small for observation of this type.

There are two tests for each door condition where the ventilation rates of the lower

floors are much below the average of the other observations. During Test IA the

outdoor air temperature was ' igh and oqual to or above the air temperature observed

with the building. This would indicate that under these conditions the density of

the indoor air was equal to or higher than the density of the outdoor air. Therefore,

there was a tendency for the indoor air either to bw stagnent or to flow outward at

the lower floors. These conditions were also present for part of the building during

Test 2A. During all other observations with the room doors closed the outdoor air
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was cooler and more dense than indoor and the tendency wcs for outdoor air to flow

into the lower floors and out of the upper floors. During Tests IA and 2A the air

change rates on the lower floors were only slightly higher than the floors above. In

all other observations the air change rates for the basement and lower floors were

significantly higher than the rates for the floors above.

A similar relationship existed for the results with the room doors open. Test |0A,

and to a lesser extent I 1A, exhibits a low rate of air change on the lower floors.

The reason is obscure, since the outdoor air temperature was below the indoor air

temperature in both cases. In one; case, 1OA, the outdoor air temperature was rising,

and in the other case, I 1A, the outdoor air temperature was falling. During |0A

the wind was relatively calm which daring IIA the wind was relatively strong. No

unique condition appears to account for the fact that air change rates of 0,A and

I ]A differed from all other tests.
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SECTION 7.0 BUILDING B TESTS

7.1 GENERAL OBJECTIVES FOR BUILDING B

Within the time limitations imposed by availability of the buildings, an effort was

made to explore the natural ventilation rate in Building B with respect to both base-

ment shelter space and fifth floor shelter space, singly and concurrently occupied.

Portable ventilation equipment arrived late and was used in only three sets of tests,

numbers 3, 14 and 15. Simulated occupancy of shelter spaces varied but was kept

below the commonly accepted maximum density of 1 person per 10 square feet be-

cause of excessive condensation which threatened to damage the building and its

contqnts.

7.2 SUMMARY OF AIR CHANGES IN SHELTER SPACES

Figure 51 is a complete summary of air changes in shelter spaces together with perti-

nent information concerning weather conditions, door positions and shelter occupancy.

Detailed information on individual tests is given later. In all cases, area and

volume per person are based on areas and volumes of cores as shown in Figures 22

and 24.

7.3 TEST COMPARISONS

Summary information, together with building air flow sktches, is presented four to

a page in order to permit the reader to compare the results of successive tests. An

effort can be made to correlate external with internal conditions, and shelter

occupancy with flow rate, but such correlations ae not immediately evident.
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I
Tests 1 through . are presented in Figure 52, 5 through 8 in Figure 53, 9 through 12

in Figure 54, 13 through 16 in Figure 55 and 17 through 19 in Figure 56. Stair tower

doors are shown either open or closed to reflect the actual position during the test.
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SE NW

TEST NO. 15
Stairtowers sealed between 4th and 5th floor
Shelter space unoccupied
0.99 air changes per hour in shelter space

rm No well defined air circulation
R0 open door

IMU11111=1- closed door

TEST NO. 28B
Stairtowers sealed between 4th and 5th floor
Shelter space unoccupied
Shelter stairtower doors closed but not sealed
0.85 air changes per hour in shelter space

TEST NO. 356
Stairtowers sealed between 4th and 5th floor
Shelter space unoccupied
Pedal fan used in shelter

FIS 0.63 air changes per hour in shelter space

Fm r TEST NO. 46
Stairtowers sealed between 4#h and 5th floor
75 skmulated persons in shelter

111111111ulnmmiDormitory teom doors closed
1 .060 air changes per hour in "Ieter space
4.50 cfm per person

Figure 52. SUMMARY OF TESTS 18 -45
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SE NW,

TEST NO. 5B
Stairtowers sealed between 4th and 5th floor
75 simulated persons in shelter

__1._ 1)8air changes perhour in shelter space
4.04. e pro

TEST NO. 686
Stairtowers sealed between 4th and 5th floor
5th floor dormitory room doors open.

5 1111111111111111111 1 Ow't 5th floor
Shelter occupancy 75 75

____________Air changcs per hour 1 .78 not measured

I C m per person 5.65 not measured

TEST NO. 7 8
Stairtowers sealed between 4th and 5th floor
75 simulated persons in shelter
Dormitory room doors open
1 .55 air changes per hour in shelter space

_________6.50 cfm per person

TEST NO. SB1
* Staiktawers sealed between 41h and 5th floor

140 smulatd per sin elter
- 4- fl2.37 air changes per hour in sheter space

a 4.00 cfm per petion

Figure 53. SUMMARY OF TESTS 59 -8S5I ________93



SE NW

TEST NO. 98
Stairtower seals between 4th and 5th floor

removed during this test
140 simulated persons in shelter

!ML 3.57 air change per hour in shelter space
6. 10 cfm per person
0 - open door
I-closed door

TEST NO. 10B
. L 75 simulated persons in shelter

M Dormitory room doors open
I IIIfill111F0.92 air changes per hour in shelter space

3.90 cfm per person

h--

TEST NO. 1) B
Dormitory room doors open
Sustained rate in~jetion method used

Bsm t 5th floor
Shelter occupancy 140. 100.
Air changes per hour 3.72 not measured
C~rn per person 6.30 not measured

TEST NO. 12 8
Dormitory room doors initially open but ciosed

during the progress of "h teot

Cfm pet person 3.56 not imesured

Figure 54. SUMMARY OF TESTS 98-128
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SE NW

TEST NO. 138
100 simulated persons in shelter
5th floor dormitory roow doors closed
Sustained rate injection method used
1 .00 air changes per hour in shelter space

7 7.25 cfm per person
I0 open door

I-closed door

TEST NO. 14B
100 simulated persons in shelter
5th floor dormitory room doors closed
Sustainied rate injection method used

Pedal fan OFF ON
_________Air changes per hour 1.05 1.73

Cfm per person 8.40 13.80

TEST NO. 158
100 simulated persons in shelter
5th floor dormitory room doors closed

unmintmWIMPedal fan used in shelter
ri 1 .58 air changes per hour In shelter space

___________4.95 cfm per person

TEST NO". 166
Sustained rote injection~ method used
5th floor dormitor room doors open

Ssmt 5th floow
nShelter occupancy 140. 100.

Air changes per hour 3.50 not measured
Cfm per person 2.07 no measured

L.

Figure 55. SUMMARY OF TESTS.138 -168
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~SE N

TEST NO. 17B
r7 5th fleer dormlitory room doors open

Sustained rate injection method used
S rIm't 5th floor
Shelter occupancy 140. 100.
Air changes per hour 7.70 not measured
Cfm per person 13.2 not measured.
i' - open door'

- closed door

oTEST NO. IBS
n IExterior doors to stairtowers opened as shown

Stairtower doors at 7th and 8th floor levels
are open

5th floor dormitory room doors open
4Sustained rate injection method used

-smt 5th floor
Shelter occupancy 140. 100.
Air changes per hour 45.0 not measured
Cfm per person 77.0 not measured

TEST NO. 19B
Exterior doors to stairtower opened as shown
Stairtower doors at 7th and th floor levels

are open
5th floor dormitory door open

__m't 5th floor
Shelter occupancy 140. 100.

Li jAir changes per hour 10.7 not measured
Cfm per person 18.2 not measured

Figure56. SUMMARY OF TESTS 178- 19B
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7. NIIULTEST RESULTS ITHROUGHI 13 oa o.

A dtaiedpresentation of ahts odce nBidn&flos n oapp

The information includes external and internal condtions, shelter occupancy, rat*

of air flow ond special conditions relating to the tests. Figures 57 through 59 pet-

tain to tests I through 3 respectively.
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BUILDING I SHELTER OCCUPANCY
TET N0 persons

LENGTH OF TEST: 8 hours RATE OF AIR FLOW
7/24/65 (1040 hrs) to 0.99 air changmes/hr
7/24/65 (IBo hrs)

| • Ill r -open door
7 C m 1 closed door

6 0 (on all sketches to follow)

40.1 3 0 ,

C: room doors closed Shelter Inlet
0: room doors open & outlet,

: simulated shelter seek 1e sq ft

OUTDOOR CONDITIONS SHELTER CONDITIONS
Air dbt: 80 - 87F Air &dt Inlet 77.0F
Airwbt: 76 - 79F oatlet 77.0F
Reltlve humidity: 6572 Air wt: InWet 71.OF
Wind direction: NI5W - W Outlet 71.OFWindupeed 9.2-I1.5 mph ult 7 O

Effective tep. Inlet 74.0F
outlet 74.OF

SPECIAL CONDITIONS AND COMMENTS
- 1 Iter unoccupied
Stoirtauus sled between 4oh and 5th floos to simulate a 4 story building
Direction of eir movement unknown

Floue S7
N

N5



II
BUILDING B SHELTER OCCUPANCY
TSTf14 20 persons

LENGTH OF TEST: 5 hours RATE OF AIR FLOW
7/26/65 (0930 hrs) to 0.85 air changes/hr
7/26/65 (1430 hw)

=- SE NW

7Ir
B C

4~ 10

C: room doors closed Shelter Inlet
0: room rlc~ors open & outlet,

: simulated shelter each 18 sq ft

OUTDOOR CONDITIONS SHELTER CONDITIONS
Air dbt: 83 - 72F Air dbt: Inlet 77.5F
Air wbt: 67 - 72F outlet 77.0F
Relative humidity: 50- 5% Airwbt: Inlet 67.0F
Wind direction: N60W outt ".OF' Wind speed: 4 - 15 "

d :Effective temp: Inlet 73.0F
outlet 72.0F

SPECIAL CONDITIONS AND COMMENTS
Shelter unoccupied
Statrtowers waled between 40 and 5th fleem
Basement stairtower doon closed but not sealed

Figure 58
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BUILDING I SHELTER OCCUPANCY
0 persons

LENGTH OF TEST: 1 1/4 hours RATE OF AIR FLOW
7/26/65 (1440 hn) to 0.63 air changes/hr
7/26/65 (1600 hrs)

.0 SE, N

h

8 0

C : room doors chlod Shelter inlet rea = 18 sq ft
0: room doors open
,: simulated shelter

®): pedal fan

OUTDOOR CONDITIONS SHELTER CONDITIONS
Alr dbt: 12 -84F Alr dht: inlet 71S.5F
Air wbt: 72 -74F oujtlet .0
Reltive humidity: 59 - 62%Aiwt:nlt5.F
Wind direction : N75W oiutt:Ilet 65.0F
Wlindupeed: I1- 14mph ote 75

Effective emp Inlet 72.5 F
outlet 74.0 F

SPECIAL CONDITIONS AND COMMENTS
Shelter unoccupied
Stoirtower seled between 4th and 5th fleer So simulate a 4-story bilding

Pedal fan used in shelter

~Figure 59
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7.5 PORTABLE PACKAGED VENTILATOR

The protable packaged ventilator, used in Tests No. 3, 14 and 15, was a "Shelter

Ventilator Prototype No. 5" manufactured by the American Air Filter, Inc. and

supplied by the Office of Civil Defense. A second unit manufactured by the MRD

division of General American Transportation did not arrive until the test buildings

were to be vacated and therefore was not tested.

The ventilator packaged tested contained a 16 inch fan which could be driven either

by a bicycle arrongement with two people pedalling or by a small electric motor

which turned the fan at approximately the same speed, 1420 rpm, as people pedal-

ling. Figure 60 is a photograph of this unit operated by the electric motor, but with

the bicycle attachment in place.

VP:L

Figure 60. PACKAGED VENTILATION UNIT
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Tests were developed to check the differences between natural gravity circulation

in a closed building and mechanical circulation in the closed building. The fan

was located near the shelter stairtower which served as the outlet stack during

gravity circulation. The plastic discharge duct from the fan was run up the stair-

tower to the next floor where the air was allowed to discharge inside the building.

In order to prevent short circuiting between inlet and outlet of the fan, a plastic

sheet was installed in the doorway through which the duct passed, forcing air to

be drawn from the shelter space only and not from the stair tower. Thus, the only

circulation in the space hod to be through the fan. When used in this manner,

very little difference could be seen in the tests between the use of the pedal fan

and gravity circulation, it was felt that this single unit just about equalled the

effects of gravity circulation and when used alone could not increase air flow rates

in a space of this size. Another factor which must be recognized is that when used

for circulation alone this fan could not be expected to increase the infiltration rate

of the building envelope, which was the critical point in a closed space. Had this

fan been set up to exhaust air from the building, the results may have been different

since there would then hove been a change in the infiltration rate of the building.

The fan unit was not difficult to assemble and operate but the flexible 6 mil poly-

ethylene plastic duct was not easy to work with. When under pressure the duct

would not curve around comers but pinched off thereby restricting air flow. There

were no instructions for making ben in the pipe, a took which could be very diffi-

cult for the average person to accomplish with the o and materials supplied with

the kit. A second problem was that of holding th end of the duct open, and pre-
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bI
venting it from flying around in the stairwell. A duct anchor which holds the end

open and secured should be provided in the kit.

Another difficulty was the vibration which caused the fan to walk around the floor.

Had people been pedalling the fan, their weight would prevent this, but wirliout

the added weight of people the fan had to be wedged into a single location in t+e

corridor. A better set of rubber feet would help control the random walk of the fan.

Research personnel felt that an inlet duct of some rigidity, perhaps provided by a

spiral metal liner in a plastic duct, should be included in the kit. If provision

were made to attach this to the inlet side of the fan it could be hung near the ceil-

ing to draw off the warmer upper air.

7.6 INDIVIDUAL TEST RESULTS 4 THROUGH 19

A detailed presentation of tests 4 through 19, one to a page, follows. The last two

tests differed from all others because exterior doors vere opened, a low one in the

inlet stock and a high one in the outlet stock. Since neither external conditions were

materially changed nor shelter conditions altered, the substantial increase in venti-

lotion rate is attributed only to those opened exterior doors.
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BUILDING S SHELTER OCCUPANCY
TTO 75 persons

33.3 sq ft/person

250 cu ft/poison

LENGTH 0F TEST: I hour RATE OF AIR FLOW
7/27/65 (1740 hrs) to 1.08 air changes/hr
7/27/65 (1850 hrs) 4.50 cfm person

7 IC

6 0

n C

C: room doors c losed Shelter ;nlet
0: room doors open & outlete

YA. simulated shelter each 38 sq ft

OUTDOOR CONDITIONS SHELTER CONDITIONS
Ar dt: 80 - 79F Air dbt: inlet 85.0 F
Air wbt: 70 -71F outlet 87.0F
Relative humidity: 61-68 Air wbf - inlet 71.01F
Wind direction: - 1 45E - N75E outlet 73.0?

Wid ped:8 11*Effective temp: inlet 78.0F
outlet 90.0F

SPECIAL CONDITIONS AND COMMENTS
Stir,wers sealed between 4th end 5th floors

Figure 61
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IIUILDING I SHELTER OCCUPANCY
TIST r. 7575 peroftl

33.3 sq ft/person
250 cu ft/person

LENGTH OF TEST: I hour RATE OF AIR FLOW
7/27/65 (1900 his) to 1. 18 air chang%/kr
7/27/65 (200 hrs) 4.90 cfm person

S C
7 B

2- 0

Ai rotm 79-r closF Airte d:inlet WO

Air wbt: 71.5 -70F outlet 87.OF
Relative humidity: 70 -75% Air wbt:, inlet 72.OF
Wind direction: N45E - N75i outlet 74.0 F
Windspeed: 86-17mp4,h

Effective temp. Inlet 78.5F
outlet 80.0F

SPECIAL CONDITIONS AND COMMENTS
Stairtowers wiled between 4th and 5th floors to simulate a 3-story building abve the

test "aOC
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BUILDING 5 SHELTER OCCUPANCY hTS Z rBn't 5th fl

perors 75 75 j
sq ft/person 19 33.3
Cu ft/erson 190 250

LENGTH OF TEST: 3 hours RATE OF AIR FLOW
7/28/65 (0000 hrs) to air changes/Sr 1.78
7/28/65 (P300 hn) cfm person 5.65

SE NW---p

7 C M

6 I

C: room doors closed Shelter inlet SmIt 5th fl
0: rom doors open & outlet
0: simulated shelter each in sq ft 18 38

OUTDOOR CONDITIONS SHELTER CONDITIONS
SamIt 5th fl

Air dbt: 65 - 60F Air dbt: inlet 60.0F 83.0F
Air wbt : 63.5 - 60F outlet 63.0F S4.OF
Relative humidity: 88 - 100% Air wbt: Inlet 69.OF 71.0F
Wind direction: W - S60W outlet 71 .OF 73.OF
Wind speed: 4 - 0

Effective temp. inlet 75.0F 77.OF
outlet 77.OF 71.SF

SPECIAL CONDITIONS AND COMMENTS
*Data not taken

Stoirtowers sealed between 41h and 5* flow to simulate 4-story and 3-story buildings
75 people simulted In each shelter

Figure 6
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BULDING I SHELTER OCCUPANCY
717No 75 person

i 33.3 sq ft/pwm

250 cu ft/penon

LENGTH OF TEST: 1 1/2 hours RATE OF AIR FLOW
7/28/65 (2100 hrs) to 1.55 air change/hr
7/28/65 (2230 hbr) 6.50 cfm poton

SE 
h

, 3 0 °

20-----
I ,,

C: room doors cloued Shelter Inlet
0: room doorsopen & outlet,
N: simulated shelter each 36 sq ft

OUTDOOR CONDITIONS SHELTER CONDITIONS
Air dbt: 69 - 67F Air dbt: inlet 64.0F
Air wbt: 62-61(- outlet $5.0F
Relative humidity: 68-75% Air wbt: inlet 72.0 F
Wind direction: N30W - N3OE outlet 74.5 F
Wind speed. 2 - 6 mph

Effective tempt Inlet 78.0F
outlet 79.5F

SPECIAL CONDITIONS AND COMMENTS
Steirtewor, seoled between 4th and 5A floon to simulate a 3-stoty building above the

test space

Figure 64
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BUILDING I SHELlER -0 --UVNCY

10 sq ft/OWo
100 cu fpWN"

LENGTH OF TEST: 1 1/3 hours PATE OF AIR FLOW
7/28/65 (2240 his) to 2.37 airchswmes/
7/28/65 (24W0 hrs) 4.00 dmr person

o I

C:~ romdosCoe hle ne

0: room doomrs ond Shle nlet

W;: simulated shelter ech 18 sq ft

OUTDOOR CONDITIONS SHELTER CONDITIONS
Air dbt: 68 -63F Air dht: inlet $4.0OF
Airwbt: 62 -60P outlet 95.0OF
Relative humidity: 72 -85% Air wbt: inlet 72.OP
Wind direction: N30W - W outIw 74.011

WEffective 02mw inlet 78.OF

outlet 79.OF

SPECIAL CONDITIONS AND COMMENTS
St. irlowers, sealed between 4th and 5th Rooas to simuate a 4-"tr building

Figure 65
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BUILDNG SSHELTER OCCUPANCY
TVIVT 140 persns

10 sq ft/person
100 cu ft/persen

LENGTH OF TEST: I hour RATE OF AIR FLOW
7/29/65 (0040 hrs) to 3.57 air changu/hr
7/29/65 (0140 hro) 6.10 cfm person

• ---- SE l, NW----

CI

ri 5

3 0

2.°0

C: room door closed Shelter inlet
0: roo doors open & outlet,
0: simuloted shelter each 16 sq ft

OUTDOOR CONDITIONS SHELTER CONDITIONS
Air dbt: 63 - 61F Air dbt: inlet O0,P
Air wbt: 60 - 59F outlet 11.4F
Relative humidity: 85- Air wbt: Inlet 66.F
Wind direction: W - S60W outlet 69.5F
Windueed: 0 - 3 .5p1 1

n Effective temp: Inlet 74.$F
outlet 77.OF

SPECIAL CONDITIONS AND COMMENTS
Stolrtowers between *4 mW 5th floa opened at 0100 hours

figure 66
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DUILDING I 
SHELTER OCCUPANCY

TEST -O.'1075 persons
33.3 sq ft/perso

250 cu ft/penS

LENGTH OF TEST: 1 hour RT FARPO

1/2965 (200lirs to0.92 air chanes/hr

/29/65 (0300 hrs) to3.90 cfm person

SEC

7* 0

C: room doors closed shelter Inlet

0: ro0 door$ open & ade,

10: simulated shelter each 39 sq ft

OUTDOOR CONDITIONS SHELTER ('ONDITIONS,

Ar dbt: 61 - Se Alfr&t: inlet $2.0OF

Air wbt:- 59 -57F 
outlet $3.OF

Relative humidity: - 9-00% Air wbt: Inlet 70.OF

Wind direction: S6W outlet 70.0 f

Wind speed: 3.5 mph Effective tep nset 76.OF
outlet 77 .OF

SPECIAL CONDITIONS AND COMMENTS

Ai wnvm 4"r~cf" speculative but net proved

Figpure 67
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BUILDING B SHELTER OCCUPANCY
TSNO.MBun't 5th fl

persons 140 100
sq ft/person 10 25
cu ft/peroTn 100 18e

LENGTH OF TEST: 19 hours RATE OF AIR FLOW
7/29/65 (1600 hn) to air changes/hr 3.72
7/30/65 (I1100 hrs) cfm person 6.30

SE NW --

I o

8 ', .

4 0

3 0

2 0
0!

C: room doors closed Shelter inlet 110't 5th fl
0: room doors open & outlet,
I: simulated shelter each in sq ft 16 38

OUTDOOR CONDITIONS SHELTER CONDITIONS
Bmi't 51h f0

Air dbt: 57 - 74F Air dbt: Inlet 80.5F 82.5F
Air wbt: 57 - 64F outlet 66.51F 83.0F
Relative idIty: 55-7 Air wbt: inlet 69.OF 70.5F
Wind direction: N30W - S45W outlet 75.01F 73.0F
Wind speed• 6 - 9 mph

Effective temp: inlet 75.OF 76.5F
80.OF 78.OF

SPECIAL CONDITIONS AND COMMENTS
' 'Dato not taken

Water feed to Sth floor Simocs Aut off 0230 to 0930 hn because of severe window
condensation on upper floors
Sustained rate injection method used

Figure 68
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BUILDING B SHELTER OCCUPANCY
TESTNO.Bomt 5th I'l

persons 140 100
sq f/person 10 25
Cu ft/person 100 188

LENGTH OF TEST: 13 hours RATE OF AIR FLOW
7/30/65 Q 100 hrs) to air changes/hr 3.22
7/30/65 (2400 hrs) cfm p.rson 3.86

- SE NW

.= ,I7 O-C,

I

C : room doors closed Shelter inlet Bunt 5th ft
0: room doers open & outlet,

Q: simuloted shelter each in sq ft is 38

OUTDOOR CONDITIONS SHELTER CONDITIONS
B,'t 5th f

Air dbt: 77 - 6SF Air dbt: inlet 011.OF 83.5F
r%1; --bt: 63 - 60F outlet 87.OF 83.5F
Relative humidity: V - 74% Air wbt: inlet 70.0F 73.OF
Wind direction : N45E - N45W outlet 75.0F 76.0F
wlndupee: 6 -9mp olt,5F 6O

Effective temp: inlet 75.5F 7S.OF
outlet SO.OF 79.5F

SPECIAL CONDITIONS AND COMMENTS
eData not taken
All room doors closed at 1630 hm
Sustained rte injection method used

Figure 69
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BUILDING S SHELTER OCCUPANCY
TEST 67i13 100 persens

25 sq ft/person
11 cu ft/person

LENGTH OF TEST: 4 1/2 hours RATE OF AIR FLOW
8/2/65 (1120 hrs) to 1.00 air chonges/hr
8/2/65 (1400 hrs) 7.25 cfm person

7

4 C
3 I

C: room doors closed Shelter inlet
0: room doors open & outlet,
X: simulated shelter each 38 q ft

OUTDOOR CONDITIONS SHELTER CONDITIONS
Air dbt: 68 - 70F Air dbt: inlet 81.5F
Air wbt: 64 - 68F outlet 84.0F

Relative humidity: SI * A t

Wind direction: S60A outlet 7.0F

Wind speed: 14 - 16ou

Effective temp: Inlet 77.OF
outlet 77.OF

SPECIAL CONDITIONS AND COMMENTS
Sustained rote injection method used. Rate of flow is based on volume of entire floor.
Air movement direction seculetive but not proved

Figure 70
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BUILDING B SHELTER OCCUPANCY
yEIT NO. 4 100 persons

25 sq ft/person
188 cu ft/person

LENGTH OF TEST: 4 hours RATE OF AIR FLOW'
8/2/65 (ISSO hr) to 1.05 - 1.73 air cDhmi/hr
8/2/65 (2200 hrs) 8.40 - 13.60 cfm person

-w SE NW "

7 C
6 C '

4 C ,A

2 it
* I

C: room doors closed Shelter inlet 38 sq. ft.
0: room doors openg: simulated shelter

9:pedal fan

OUTDOOR CONDITIONS SHELTER CONDITIONS
Air dt: 71 - 63F Air dbt: inlet 82.0 -81.OF
Air wbt: 67 - 60F cutlet 82.5 - 0S.OF
Relative humidity: 81 - 76% Air wbt. inlet 71.0- 69.OF
Wind direction: SW - N75W A blet 70.0 - 75.0F
Wind speed: 14 - 16 ph outlet 70.0 - 75.F

Effective temp: inlet 76.0 - 75.OF
outlet 76.0 -SI.OF

SPECIAL CONDITIONS AND COMMENTS
*hlbe 6slr indicate Were and ofter ped fen kwtellotio

Pedal fan instled at 1915 hean
Sustahwid rate infection method used. Rate of air flow is based on volume of entire floor
Air movement direction speculative but not proved

Figure 71
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BUILDING 9 SHELTER OCCUPANCY
TT O. 5 )00 1118 wi

25 sq ft/person
15 cu ft/person

LENGTH OF TEST: 1 hour RATE OF AIR FLOW
8/2/65 (2200 hr) to 1.58 air changes/hr
8/2/65 (2300 he-s) 4.95 cfm person

7 C -n

6 C

4 C

2 C

C : room doors closed Shelter Inlet area
0: room doors open 38 sq It

8: simulated shelter

OUTDOOR CONDITIONS SHELTER CONDITIONS
Air dbt: 63F Air dt: Inlet 6I.OF
Airwbt: 61F outlet 8.0 F
Relative humidity: 92% Air wbt: Inlet 69.0F
Wind direction: S60W - N7W outlet 75.0F
Windspeed: 14 - 16 mph

Effective temp Inlet 75.0F
outlet 81.OF

SPECIAL CONDITIONS AND COMMENTS
Pedal fan used In shelter
Air movement direction speculative but net proved

Figure 72
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BUILDING B SHELTER OCCUPANCY
TESTNO.T~iB3MI't 5th I'l

persons 140 100
sq ft/perscon 10 25
cu ft/person 100 )88

LENGTH OF TEST: 7 hours RATE OF AIR FLOW
8/4/65 (0900 'irs) to air changes/hr 3.50
8/4/65 (1600 hrs) cfm person 2.07

7 0

3 0-I

C room door% closed Shelter inlet Bsm't 5th fl
0: moom doors open & outlet,
/ : simula ed slieltor each in sq ft I8 38

OUTDOOR CONDITIONS SHELTER CONDITIONS
Bun't 5#h fI

Air dt - 61 - 76F Air dbt -iniet 77.01' 81.OF
Air wbt: 57 -65F outlet 86.OF 81.5F
Relative humidity: 0-38 Air wbt: inlet 67.OF 69.OF
Wind direction: - 15W - N otet 7.F 95
W ind speed: 2 - 9 mphote oO 9

Effective t"m: inlet 74.OF 75.5F
outlet 78.0F 76.OF

SPECIAL CONDITIONS AND COMMENTS
*Data not taken

Sustained rate injection method used
Air movement direct ion speculative but not proved

Figure 73
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BUILDING B SHELTER OCCUPANCY
TEST O-.-rBim t 5th f I

persons 140 100
sq ft/person 10 25
cu ft/person 100 188

LENGTH OF TEST: 2 1/2 hours RATE OF AIR FLOW
8/4/65 (1610 hrs) to air chonges/hr 7.70
8/4/65 (1835 hrs) cfm person 13.20

.0 - SE N

C: romdorscosdShltrine Bn' th0

0: romdorspen&oule7

C : roimdstoed helte er inle q ft 18 h f38

OUTDOOR CONDITIONS SHELTER COND'TIONS soIt 5h(

Air dbt: 74F Air dbt: inlet 78.OF 82.OF
Air wbt:6 outlet 87.OF 63.0F
Relative humidity: 8 Air wbt: iniet 70.OF 71.5F
Wind direction: N3OE - ND ult 7. 4O
Wind speed 4 - 7 ,, ute 7Oh7O

Effective temp inlet 74.OF 77.OF
ou tlet 79.OF 78.5 F

SPECIAL CONDITIONS AND COMM4ENTS
*Data not taken
Air movement direction speculative but not proved
Sustained rate injection method used

Figure 74
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BUILDING B SHELTER OCCUPANCY
TES NO TbBun't 5th fI

persons; 140 I
sq ft/person 10 25
cu ft/person 100 188

LENGTH OF TEST: 3 1/2 hours RATE OF AIR FLOW
8/4/65 (1835 hrs) to air changes/hr 45.0
8/4/65 (2200 hr.) cfm person 77.0

I D I ,opening =19 sq ft

openin1 8 o- M_____________

0:ein roo 0oroe lt
30smltdshle ahi sq ft188

Ai room 6oo sF Airse Shette inlet 6OIt 5th fl
0:wb rom oos pe outlet8.F 15

Relative hoaidity: 00% Air wbt: inlet 63.OF 66.5F
Wind direction: S75E - N30E outlet 66.0F 70.5F
Wind speed: 0.5moh

Effective tem inlet 66.0 F 70.51F
outlet 75.OF 76.OF

SPECIAL CONDITIONS AND COMMENTS
*Data not takcen

Exterior doors to stairtrwrs opened as &huwn
Sustained rote injection method used
Stairtuuver doom, at 7th arid kth floor level are open

Figure 75
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UILDING B SHELTER OCCUPANCY
YTIS" Bi 't 5th fI

persons 140 100
sq ft/person 10 25
cu ft/person 100 188

LENGTH OF TEST: 1 hour RATE OF AIR FLOW 0
8/4/65 (2200 hn) to air changes/hr 10.7
8/4/65 (2300 hrs) cfm person 18.2 *

S E NW ---0

-opening
19 sq ft

i 7 0

'6 0 M

open"' 2 0
30 sl It IC

L -i
C: room doors closed Shelter inlet Bun't 5th fl
0: room doors open & outlet,
#,: simulated shelter each in sq ft IS 38

OUTDOOR CONDITIONS SHELTER CONDITIONS
Slt It Sh fl

Air dbt: 64F Air dbt: Inlet 65.OF S0.3F
Air wbt 64F outoet 79.0F $0.5F

Relative humidity: 100% Air wbt inlet 62.5 F 69.OF

Wind direction: I - S45W outlet 67.OF 71.5F
wind ,ned: o0-1mp

Effective temp: inlet 64.OF 15.OF
outlet 73.SF 76.OF

SPECIAL CONDITIONS AND COMMENTS
*Data not tuken

Exterior door tn stairtowen as shown
Stoirtower doors at 7th and 8th fleor levels are closed
Sustained rate injection method used
Possible reaen for the fourfold decrease in basement shelter ventilation rate, compared

with Test No. 18, is the decrease in wind velocity

Figure 76
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SECTION 8.0 SUMMARY AND CONCLUSIONS

8.1 GENERAL SUMMARY

Summary and conclusions of this project have been separated into four parts for the

convenience of the reader. The first part deals with methods of measurement of air

change rate, the second part with natural ventilation in unoccupied buildings, the

third part with natural ventilation for occupied shelter spaces and the fourth part

with suggestions for continued research. Because of the complexity of factors in-

volved, conclusions are based on a minimum number of tests and observations.

Figures, where given, are conservatively stated to allow for increased deviation

which could rightfully be expected if the number of tests were expanded. It is

necessary to emphasize once again that weather conditions were mild for the loca-

tion and time of year, that selter spaces were not loaded to the usual density of I

person per 10 square feet, and that indoor effective temperature was kept below 85F

in order to avoid damqge due to excessive condensation. Furthermore, all con-

clusions apply only to th-v particular type of building tested and only to this specific

climatic condition.

8.2 MEASUREMENT OF AIR CHANGE RATE

(I) The electronegative gos detector, using SF6 as a tracer go,

is a satisfactory and reliable method for measuring air change

rates In multi-story buildings (Section 2.0).

k2) There was good correlation between sustained rate of injectiot

t and decay rate (Section 2.2).
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(3) Tracer gas should be diluted with air prior to distribution in

order to increase the quantity and thereby attain better mixing

within the test space (Section 2.4).

(4) Gas distribution to the test space and return of air samples

from the test space was accomplished conveniently and

economically by the use of i'2" diameter plastic pipe

(Section 2.3).

(5) Uniform tracer gas concentrations throughout the building at

the beginning of an observation is an ideal condition never

realized. Differences in infiltration rates and differences in

tracer gas injection rates make uniform concentration diffi-

cult to attain and of short duration.

8.3 NATURAL VENTILATION IN AN UNOCCUPIED BUILDING

(1) Both buildings used in this project, of identical size and

plan, of some construction and age, were found to be

equally tight (Figure .35). On the basis of this limited

experience, it should ba possible to -edict infiltration

rates based on data that might be accumulated concem-

ing construction features. Additional research in this

area is needed.

(2) When outdoor air temperature was higher then indoor air

temperture, decay rates of tracer gas were nearly equal

"mr all floors (Section 6.4).
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(3) When outdoor air temperature was lower than indoor air

temperature, decay rates of tracer gas were higher for lower

floors (Section 6.4). This was due to the influence of air

entering the building at lower levels because of upward

convection within the building.

(4) In the absence of heat sources, such as shelter occupants,

there was relatively little upward convectio within a

building under the conditions encountered in this project

(Section 6.2).

(5) Changing outdoor air temperatures appeared to have very

little effect on the infiltration rate (Figure 46).

'6) Winds up to 15 mph had no perceptible effects on the in-

filtration rate in closed buildings of this type (Figure 46).

(7) On floors with masonry walls and relatively small glass

oreas (under 25%) there was very little correlation be-

twean outdoor air temperature and indoor air temperature

(Figure 44).

(8) When the building skin consists of large areas of glass, the

indoor tenperoture responds quickly and unmistakeably to

changes in outdoor t tur (Figure 44)

(9) Somment temperatures responded very slowly, If at all, to

changing outdoor temperature (Figure 44).
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(10) In relatively mild weather, when outdoor air temperature

was lower than indoor air temperature, fresh air change

rates were higher in lower floors and diminished progre~sively

toward the top of the building (Figures 47 and 48).

(11) In basement spaces generally, when outdoor air temperature

was lower than indoor air temperature, fresh air change rates

varied between I and 1 1/2 per hour (Figure 47).

(12) From second to fourth floirs, when outdoor air temperature

was lower than indoor r r temperature, fresh air infiltration

rates varied between 1/2 oAd I per hour (Figure 5C).

(13) Above the fourth floor, when outdoor air temperature was

lower than indoor air temperature, fresh air infiltration

rates varied between 1/4 and 1/2 per hour (Figure 50).

(14) When the outdoor air temperature was higher than indoor

air temperature, infiltration rates of fresh air were even

lower, les than 1/4 per hour (Figure 47).

8.4 NATURAL VENTILATION FOR OCCUPIED SHELTER SPACES

(1) In basment shelter space of a 4 st bui ding in warm

weather, with occupancy bsed on I peran per 10 uare

feet, highest E.T. was 79 F, fresh air infiltration was 4

cfm per p"o (Test 88).
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(2) In basement shelter space of an 8 story building in cool

weather, with occupancy based on I person per 10 square

feet, highest E.T. was 77 F, fresh air infiltration was 6

cfm per person (Test 91).

(3) In fifth floor shelter space of an 8 story building in cool

weather, with occupancy based on I person per 33 square

feet, highest E.T. was 79-1/2 F, fresh air infiltrat;,n

varied between 4 and 6-1/2 cfm per oerson. Shelter

could have accommodated more occupants (Tests 7B and

108).

(4) In simultaneous loading of an 8 story building in cool

weather, basement occupancy based an I person per 10

square Feet and fifth floor occupancy based on I person

per 25 square feet, highest E.T. in basement was 78 F

with fresh air infiltration of 3 1/2 cfm per person 'fifth

floor data not taken). Shelters could have accommodated

more occupants (Tests 126 and 166).

(5) In a fifth floor shelter space during cool weather, with

occupancy based on I peson per 25 quore feet, use of

a single portable ventilation fan uppeored to increase

the circulation rote substantially. Higest E.T. was

81 F indicating that shelter could have accommodated

more occupants (Test 146).
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(6) The highest air change rate developed during moderate

weather, with basement shelter occupancy based on 1

person per 10 squre feet and fifth floor shelter occupancy

based on I person per 25 square feet was 13 cfm per person

in the basement (fifth floor data not taken). Highest E .T.

was 79 F indicating that shelter could have accommodated

more occupants (Test 17B).

(7) Opening an exirior door at the bottom of inlet stair

tower and at the top of outlet stair tower increased fresh

air ventilation rate considerably. With basement shelter

occupancy based on I person per 10 square feet and fifth

floor shelter occupancy based an I person per 25 square

feet, two separate tests produced basement rotes of 77

cfm per person and 18 cfm per person with highest E.T.

of 75 F and 73.5 F respectively.

8.5 SUGGESTIONS FOR CONTINUED RESEARCH IN NATURAL VENTI-

LATION FOR SHELTER ;PACES

Additlonal reseirh *auld be conducted in the field of natural ventilation utilizing

t"e tracer gs technique developed in this project. Spec ificlly, addtional research

should be based on the following procedures:
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(1) Establish maximum occupancy levels which mairtnin a

habitable thermal environment under natural ventilaticn

conditions and under closed conditions when concurrent

loading of all potential shelter spaces of a multi-story

building is maintained. The shelter spaces used for ,,-ese

tests should be those designate' under the National Shelter

Survey as public shelter space.

(2) Evaluate the effects of loading all shelter spaces of a multi-

story building to current standards of one person per 10

square feet, and develop experimental procedures (open

windows, door, etc.) using natural ventilation to main-

tamn a habitable thermal environment.

(3) If it is not possible to maintain a habitable thermal en-

vironment in (2' above, determine maximum loadin9 in

terms of square reet per perwn which con be tolerited

using notura! venti~aton.

(4Y C- -.. ; --,1-udita determine the feasibl;iry oaM limirm-

tions of natural ventilation in above ground fallout

shelters.

(5) Compare the efficacy of natural ventilatio. 'n basement

and above ground shelter spaces.
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APPENDIX

EXAMPLE OF AIR CHANGE DETERMINATION

Data for these tests were recorded on a Heath servo-chart recorder wh'ch was

connected to EGAD, and shown on the right of Figure 14. Concen'-ation level5

from this chart could not be directly plotted against time on sem: -log paper be-

cause the EGAD did not have a linear scale, explained on page 3 3 of this report.

It was therefore necessary to transfer data through the EGAD calibration curve

shown in Figure 18. Points were then plotted for each floor, concentration vs

time, on semi-log graph paper. Figure 77 is a plot of results for Test 15A. A

straight line was established through the plotted points with ventilation rate in-

dicatcd by ilvpiiess of line Jope. Details of the method are given on page 19.

A family of curves, shown in Figure 78 for Test 15A, was then plotted to show

the decreasing concentration of tracer gas on each floor with the passage of lime.

An inspection of such a family of curves inedicates generally that the change in

concentration with time takes place more rapidly on the lower floors, and de-

creases on a floor by floor basis toward the top of the building. This can be

explained by the fact that fresh air flows into the building at the lower levels

and creates a rapid decrease in concentration, while at the upper leveis SF6

laden air moving up from below products a prolonged concentration of the tracer

gas.

Test 15A has been presented as a typical example of the procedure followed in

the project. Other tests are similar.
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